Arsenic is widely distributed in the environment by natural and human means. The potential for adverse health effects from inorganic arsenic depends on the level and route of exposure. To estimate potential health risks of inorganic arsenic, the apportionment of exposure among sources of inorganic arsenic is critical. In this study, daily inorganic arsenic intake of U.S. adults from food, water, and soil ingestion and from airborne particle inhalation was estimated. To account for variations in exposure across the U.S., a Monte Carlo approach was taken using simulations for 100,000 individuals representing the age, gender, and county of residence of the U.S. population based on census data. Our analysis found that food is the greatest source of inorganic arsenic intake and that drinking water is the next highest contributor. Inhalation of airborne arsenic-containing particles and ingestion of arsenic-containing soils were negligible contributors. The exposure is best represented by the ranges of inorganic arsenic intake (at the 10 th and 90 th percentiles), which were 1.8 to 11.4 µg/day for males and 1.3 to 9.4 µg/day for females. Regional differences in inorganic arsenic exposure were due mostly to consumption of drinking water containing differing inorganic arsenic content rather than to food preferences.
INTRODUCTION
Exposure to arsenic is ubiquitous inasmuch as arsenic is found in food, soil, water, and air around the globe. Arsenic exists in a variety of oxidation states and in both inorganic and organic forms. The +3 and +5 oxidation states of inorganic arsenic occur commonly in the environment. In air, inorganic arsenic is found as arsenic trioxide (+3 oxidation state) predominantly, whereas in food, soil, and water, inorganic arsenic is found as an assortment of arsenate (+5 oxidation state) and arsenite (+3 oxidation state) compounds. Plants and animals can generate organic arsenic compounds such as monomethylarsonic acid and dimethylarsinic acid. Marine foods have very high arsenic concentrations, due primarily to complex organic forms of arsenic such as arsenobetaine and arsenocholine (Tamaki and Frankenberger 1992) . Most cases of arsenic-induced toxicity in humans are associated with inorganic arsenic exposure (ATSDR 2000) . Furthermore, inorganic arsenic has been classified as a known human carcinogen (IARC 1980; NTP 1989; IRIS 1997) . Arsenite (AsIII), which is more acutely toxic than arsenate (AsV) (Rossman 1998) , is produced by reduction of AsV in tissues of humans and other mammals (Aposhian 1989) . The pentavalent organic arsenicals monomethylarsonic acid and dimethylarsinic acid are metabolites of AsV and AsIII in nonmammalian and mammalian systems and are less acutely toxic than is inorganic arsenic (Aposhian 1989) . Recently, trivalent mono-and dimethylated metabolites of arsenic have been found to be more acutely toxic than is AsIII (Petrick et al. 2000; Styblo et al. 2000; Mass et al. 2001; Petrick et al. 2001) .
The inorganic arsenic content of environmental sources of exposure is composed of mixtures of AsV and AsIII. The thermodynamically stable form in the presence of oxygen is AsV (Hering 1996) . According to Kempic (1997) , (1) almost no data were available on speciation of arsenic in water supplies when the U.S. Environmental Protection Agency (USEPA) estimated national compliance costs for arsenic maximum contaminant level options for drinking water in 1995, (2) limited data indicated that groundwaters contained both AsV and AsIII, and (3) it is likely that in most surface waters arsenic would be present only as AsV. The proportions of AsV and AsIII in water are influenced by pH, exposure to air, and time of exposure to air (Kuehnelt et al. 1997) , and therefore can change during water transport, storage, and processing. No distinction between the forms is made in establishing water quality standards. Consequently, the sum of the two oxidation states as inorganic arsenic was chosen in this study to represent the biologically active arsenic content.
Health risks of toxicants are related to absorbed dose (Klaassen and Eaton 1991) and depend on the source and route of exposure. Arsenic exposures in the U.S. are much less than those in some parts of the world. The highest exposures to inorganic arsenic in drinking water in the U.S. are substantially lower than those in countries such as Argentina (Vahter et al. 1995) , Bangladesh (Chowdhury et al. 2000) , India (Mazumder et al. 1998) , Taiwan (Hsu et al. 1997), and Thailand (Choprapawon and Rodcline 1997) . The USEPA announced in October 2001 that the maximum contaminant level (MCL) for arsenic in drinking water will be lowered to 10 µg/L from 50 µg/L, the level of set in 1974.
In this Monte Carlo analysis of daily inorganic arsenic intakes of adults in the U.S., four sources of inorganic arsenic were evaluated: ingested food, drinking National Inorganic Arsenic Intake water, and soil, and inhaled airborne particles. A probabilistic simulation was chosen over point estimates so that the ranges of exposure could be quantified. Because dermal absorption of AsV from soil is low (Wester et al. 1993) , exposure to arsenic via the skin was assumed to be insignificant for adults in the U.S. and was not addressed in this study. Neither was exposure to inorganic arsenic from hazardous waste sites or from the workplace included in the analysis, as this study is intended to address the range of typical exposure. Also not considered was inorganic arsenic exposure from over-the-counter drugs, folk remedies, prescription drugs, food supplements, or wood treated with chromated copper arsenate and used in outdoor settings around the home. Previously, few data on measured concentrations of inorganic arsenic in food existed. The present exposure assessment uses new analytical data describing the inorganic arsenic content of U.S. commodities to calculate the dietary intakes for the adult population in the conterminous U.S.
This study does not address the bioavailability of arsenic present in different environmental media. Arsenic dissolved in water is almost completely absorbed after ingestion (NRC 1999) . The extent of absorption of inorganic arsenic naturally present in food or in airborne particles has not been documented. Oral absorption of arsenic in soil is reduced compared to absorption of soluble forms of arsenic in water (NEPI 2000) .
METHODS
The Monte Carlo analysis simulated exposure for 100,000 hypothetical individuals selected by weighted random sampling using U.S. census data for age, gender, and county of residence and assigned body weights using standard data. Intake for each individual was calculated using arsenic data for each of four potential sources of exposure. The Monte Carlo analysis was conducted using an original program written in C.
Intake Calculation
Total daily exposure of the adult population of the conterminous U.S. to inorganic arsenic from air, food, soil, and water was estimated. The overall average daily exposure to inorganic arsenic of each simulated individual was based on the following equation:
I Total = C Air IR Air D Air + I Food + C Soil IR Soil + C Water IR Water Eq. 1 where I = Intake (µg/day). C = Concentration of inorganic arsenic in the source (µg/m 3 for air, µg/g for soil, and µg/L for water). IR = Intake rate via inhalation or ingestion (m 3 /day for air, g/day for soil, and L/day for water). D = Fraction of inhaled particulate matter that is deposited in the alveolar region of the lung.
To calculate the intake rate for air (IR Air ), the intake rate of a standard 70 kg man or standard 55 kg woman was adjusted to the body weight of the simulated indi-vidual by using the following model adapted from the EPA Exposure Factors Handbook (USEPA 1997):
Eq. 2 where I Std = Intake rate of the standard 70 kg man or 55 kg woman. BW Indiv = Body weight of the hypothetical individual being simulated (kg). BW Std = 70 kg for a man or 55 kg for a woman.
Daily food inorganic arsenic intake (I Food ) of an individual was adjusted for body weight by the use of Equation 3, which is a modification of Equation 2.
I Food = I Indiv x 70 kg x (BW Indiv /70 kg) 2/3 Eq. 3 where I Indiv = Food inorganic arsenic exposure of the individual (µg/kg body weight/day). BW Indiv = Body weight of the hypothetical individual being simulated (kg).
Monte Carlo Method
Monte Carlo simulation is a probabilistic approach in which an input parameter for a model is chosen by random sampling. In a probabilistic model, a range of values for one or more parameters is used and a quantitative estimate of the probability distribution of an outcome is produced. Variability in exposures to inorganic arsenic in the U.S. population occurs due to variability in levels of inorganic arsenic in the environment and to variability in lifestyles. Modeling techniques such as Monte Carlo simulation are appropriate to use to estimate variability of exposure of a population when sufficient data are available on the variability of model input parameters (USEPA 1995) . For parameters for which too few data are available to identify high-and low-end estimates, we have chosen to use in the model an approximation of the mean rather than a distribution. We assumed independence among the input parameters.
Databases and Models Used for the Monte Carlo Analysis
Selection of the databases and models that were used for the Monte Carlo analysis was made following an extensive review. We used databases that were nationwide and were the most representative of U.S. adult exposures. All of the data we acquired from the various databases were handled only electronically. We did not rekey any of the data, and we guarded against programming errors very carefully. Models were chosen based on recommendation or approval of their use by the USEPA and from our independent analysis of each model to ensure that the model was free of mathematical errors. A data and parameter traceability matrix is provided in Table 1 .
Population Parameters
The Monte Carlo simulation used random selection of age, gender, and location (county) for a hypothetical adult in the conterminous U.S., weighted according to population data from the U.S. Census of 1990 (U.S. Census Bureau 1990) . The random selection of hypothetical adults was repeated until 100,000 records were attained. The 1990 Census data set was the most comprehensive reference available on the U.S. population at the time of the study. The age range for the Census data used in the model was from 16 to 59 years. Selection of the body weight for the individual was by weighted random sampling using anthropometric data for individuals 18 to 74 years of age from Najjar and Rowland (1987) , the EPA-recommended source for body weight distributions (USEPA 1997) . The body weight statistics were collected by the National Center for Health Statistics through the second National Health and Nutrition Examination Survey during 1976 to 1980. We assumed the distribution of body weights is Gaussian, and we eliminated body weight values that were less than the mean by more than three standard deviations to avoid outliers.
Air
Airborne arsenic is believed to occur primarily in the respirable fine particle range (USEPA 1996a) and in an inorganic form (Smith 1980; Rabano et al. 1989) . Total suspended particulate matter (TSP) arsenic concentration data acquired from the USEPA-administered Aerometric Information Retrieval System (AIRS) were used in the model. AIRS is a computer-based repository that supplies U.S. airborne pollution information needed by the USEPA to establish national ambient air quality standards. Nearly 5000 records of yearly averages of TSP arsenic levels from more than 1,000 U.S. sites (at least one in each of the contiguous 48 states) are available for the years 1962 to 1998 in the AIRS database. No other data set of arsenic levels in airborne particulate matter covers the U.S. as extensively.
TSP data were retrieved from the AIRS database on the USEPA mainframe computer system. EPA applies minimum quality assurance requirements to data submitted by the State and Local Air Monitoring Stations for federally regulated air pollutants as specified in Volume 40 of the Code of Federal Regulations, Part 58, Appendix A. Minimum detectable values for various methods used to collect the AIRS TSP data ranged from 0.003 to 0.05 µg/m 3 .
TSP arsenic concentration data from the closest monitor to a hypothetical individual's location were chosen to calculate the air exposure of that individual. We assigned the geographic location of each hypothetical individual to the center of the county of residence as the longitude and latitude of a centroid. The nearest monitoring site was selected by looking up the longitude and latitude of the surrounding monitoring stations in a computerized look-up table within the program. The difference in the squares of the longitude and latitude between the location of the hypothetical individual and the location of the monitoring station was calculated. The smallest number that resulted indicated the closest monitoring station location. The calculation assumes that the earth is a flattened spheroid.
For each individual simulation, the mean of the yearly averages available in the AIRS database for TSP arsenic concentration for the chosen monitor was calculated. The TSP data were edited by computing the standard deviation and eliminating the yearly averages that were more than three standard deviations above the mean. This editing was necessary for only six records reporting anomalously high single TSP readings.
National Inorganic Arsenic Intake
The TSP fraction includes nonrespirable as well as respirable particles. The arsenic content of TSP rather than that of particulate matter ≤ 10 µm in diameter (PM 10 ) or ≤ 2.5 µm in diameter (PM 2.5 ) was used because of insufficient PM 10 and PM 2.5 data. In the AIRS database, yearly data of PM 10 arsenic content are available for only four states and of PM 2.5 arsenic content are available for only one state. PM 10 replaced TSP as the indicator for national ambient standards in July 1987. A standard for PM 2.5 has been in effect only since July 1997.
Estimates are that particulate arsenic in ambient air has a mass median aerodynamic diameter (MMAD) of 1 µm and that 90% is of particles ≤ 3.5 µm in diameter (Walsh et al. 1979) . To be conservative, it was assumed for the model that all of the TSP arsenic is contained in the respirable fraction of 1 µm MMAD. We used the fraction of daily inhaled particles with MMAD of 1 µm deposited in the alveolar region of the lung, combined with the arsenic concentration values for TSP, to calculate inhaled arsenic exposure.
Exposure to airborne arsenic is defined for this probabilistic model as that deposited in the alveolar region of the lung. The alveolar region is the region of the lung in which arsenic on inhaled particles of 1 µm MMAD has the greatest likelihood of being absorbed into the body. Of the three regions of the lung, the alveolar region has the largest surface area and ion transport capabilities. The fraction of inhaled particles actually deposited in the lung has been estimated from mathematical models of the deposition of particles of various sizes within the regions of the lung. The following information was gathered from the USEPA document, Air Quality Criteria for Particulate Matter, Volume II (USEPA 1996b). Data calculated for male and female workers (18-44 years) using the International Commission on Radiological Protection 66 (ICRP66) human respiratory tract model of particle deposition were used to estimate the fraction of inhaled particles of 1 µm MMAD (geometric standard deviation of 1.3) deposited in the alveolar region of the lung. The rationale for the selection of the ICRP66 model for estimating the fractional deposition of particles is given in detail by EPA. It is clear from the discussion of the deposition of inhaled particles given by EPA that most investigators agree that a large fraction of particles in the size range of inorganic arsenic particles (MMAD of 1 µm) are not deposited at all in the lung, but rather are exhaled. The values used in the probabilistic model for the fraction of inhaled particles deposited in the alveolar region of the lung were 0.135 for males and 0.125 for females.
Estimated daily respiratory volumes used in the simulation were those for 18-to 44-year-old working men (19.4 m 3 ) and women (16.5 m 3 ) (USEPA 1996b). The respiratory volumes are somewhat higher than those for an average general population activity pattern because of greater breathing rates during 8-hour work shifts for workers than during 8 h of light activity for the general population. The respiratory volumes were adjusted for body weight by assuming that the values were for a standard 70 kg man and a standard 55 kg woman and adjusting for air intake according to Equation 2. Another simplifying assumption was that outdoor air was breathed 24 h a day.
Food
Most analyses of the arsenic content of foods have been reported as total arsenic . The majority of arsenic in most foods, and in seafoods especially,
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12/13/02, 3:12 PM 1703 is present in organic forms. Nevertheless, the forms of arsenic that have the greatest potential for adverse health effects are inorganic (Aposhian 1989) . For the Monte Carlo model, the distribution of inorganic arsenic in foods was estimated by analysis of commodities expected to account for at least 90% of the dietary inorganic arsenic exposure in the U.S. (Schoof et al. 1999a ). The samples were analyzed for arsenic species using hydride generation and atomic absorption spectroscopy. The detection limit for AsIII was 1 ng/g wet weight and for AsV was 2 ng/g wet weight.
The inorganic arsenic concentration data from the analysis of the commodities, in combination with data and recipes from the U.S. Department of Agriculture (USDA) 1989 to 1991 Continuing Survey of Food Intakes by Individuals (CSFII) (USDA 1992 (USDA , 1993 (USDA , 1994 , were used to estimate national and regional daily dietary inorganic arsenic exposure as µg/kg body weight for individuals 18 to 59 years of age (Schoof et al. 1999b) . A total of 16,821 dietary records for both genders and in all regions of the U.S. was used to compute the distribution of national exposure. The 1989-91 CSFII employed a stratified sampling technique to survey individuals in the 48 conterminous states and Washington, DC, for 3 consecutive days. At the time of this analysis, the USDA had not yet released the entire 1994 to 1996 CSFII data set. The 1989-91 CSFII data set was determined to be the best available to represent the present U.S. population and to reflect current eating patterns in the U.S.
Four regions of the conterminous U.S. (Figure 1 ) defined by the U.S. Department of Commerce for the U.S. Census were used by the USDA for the 1989 to 1991 CSFII. USDA discontinued characterizing regional food because the distribution system of U.S. food supply is so complex that regional foods cannot be defined explicitly (Pennington 1983 ). For the model, we assumed that the arsenic content of foods is constant for a specific commodity throughout the U.S.
Fourteen distribution scenarios ranging from the 10 th to the 100 th percentile were calculated for daily inorganic arsenic exposure from food. To adhere to the goal of keeping within the distribution of actual expected exposures and not going beyond it (USEPA 1995), we edited the daily inorganic arsenic food exposure data by removing the highest (99 th ) and lowest (1 st ) one percentiles. The 1989 to 1991 CSFII contains records for apparently binging individuals and fasting individuals. The lowest one percentile could only be estimated. This was achieved by assuming that data in the compartment containing the l st through 10 th percentiles were distributed linearly about the mean of the data in that compartment and removing the lower 10% of the data in the 10 th percentile compartment, or 1%. Weighted random sampling was used to select a percentile of daily inorganic arsenic exposure for each hypothetical individual. We assumed a linear distribution of the values in each percentile compartment. The inorganic arsenic exposure food value (µg/kg body weight/day) computed for each simulated individual was multiplied by 70 kg and then adjusted using a scaling factor of body weight raised to the 2/3 power (Equation 3). Because the mean body weight of U.S. adults is estimated to be closer to 70 kg than to 55 kg (Najjar and Rowland 1987), the body weight of 70 kg was used as the standard for women as well as for men. The use of a scaling factor is based on standard EPA practice as described in the Exposure Factors Handbook (USEPA 1997 
Soil
Because arsenic in soil occurs primarily as inorganic forms (Yan-Chu 1990), we assumed for the model that all of the arsenic in soil is inorganic. Soil arsenic concentration data were taken from Boerngen and Shacklette (1981) . For this U.S. Geological Survey (USGS) study, the background arsenic content of soil in the conterminous U.S. was determined for 1318 samples collected at a depth of about 20 cm from sites about 80 km apart. Each measured value for soil arsenic is associated with the longitude and latitude of the sampling site. Even though the data were gathered more than 2 decades ago, the data set contains the most recent comprehensive data for soil arsenic levels in the conterminous U.S. The soil arsenic concentrations measured in the study ranged from < 0.1 µg/g to 97 µg/g with an arithmetic mean concentration of 7.2 µg/g. The arithmetic mean soil arsenic concentration for the Western U.S. (west of the 96 th meridian) was 7.0 and for the Eastern U.S. (east of the 96 th meridian) was 7.4. The value for the closest measured sample in the USGS data to a hypothetical individual's location (center of a county) was used in the model. The calculation for selecting the soil sampling site for the hypothetical individual is the same as above for selecting the nearest air monitoring site. The average amount of soil ingested by adults has recently been estimated to be 10 mg/day (Stanek et al. 1997) . EPA has recommended that 50 mg/day be used as a "reasonable central estimate of adult soil ingestion" (USEPA 1997); however, the estimate was based on an earlier study by Calabrese et al. (1990) and did not include this group's more recent analysis, that is, the Stanek et al. (1997) study. Because the variation about the mean of 10 mg/day is poorly described, we used this most recent point estimate of adult soil ingestion in the Monte Carlo model rather than a distribution.
Water
Arsenic in water is predominantly, if not entirely, inorganic (Hering 1996) . For the present probabilistic model, all arsenic in drinking water is assumed to be inorganic. Levels of arsenic in drinking water sources in the U.S. were analyzed in the National Arsenic Occurrence Survey (NAOS) (Frey and Edwards 1997) . Arsenic in the water samples was measured by inductively coupled plasma-mass spectroscopy, and the quantitation limit was 0.5 µg/L. The detection limit for the method was 0.1 µg/L. This is the lowest detection limit achieved by a study of arsenic levels in U.S. drinking water. The aim of the study was to estimate the impact of proposed lower MCLs for arsenic on the costs to public water facilities. A stratified design was used for the NAOS, and drinking water sources were selected randomly from groups categorized by system size, geographic location, and source type. The survey was constructed carefully to avoid bias between large and small public water systems because of differences in water purification technology and water sources. Regional sampling sites were based on arsenic occurrence patterns. The NAOS sampled water sources for approximately 500 surface water and groundwater systems, each serving > 1000 persons.
Only about 20% of the U.S. population was covered in this survey. Nonetheless, the NAOS was the most comprehensive national survey of arsenic occurrence in drinking water available that reliably measures low arsenic concentrations. Two other national surveys of arsenic occurrence in drinking water that were considered are the USEPA National Inorganics and Radionuclides Survey (NIRS) conducted from 1984 to 1986 (USEPA 1986) and the Metropolitan Water District of Southern California (MWDSC) study conducted in 1992 and 1993 (Davis et al. 1994) . The NIRS sampled finished water from about 1000 groundwater systems, almost all of which were small (i.e., served fewer than 10,000 persons). The minimum reporting limit for arsenic was high, 5 µg/L, with the result that 93% of the data was censored (reported as less than the reporting limit). Thus, the ability to estimate low levels of exposure was restricted. The MWDSC study surveyed both raw and finished water from large groundwater and surface systems. Although the detection limit for this study was lower, 0.5 µg/L, the sample size was small (147), and no small utilities were sampled. Data from the EPA Safe Drinking Water Information System database were not used for the model because the database contains limited arsenic concentration data below 50 µg/L.
NAOS raw water data were converted to finished water data using three series of randomly assigned treatment profiles based on the national probability density function for existing treatment groundwater systems. The resulting probability The inorganic arsenic concentration in the drinking water for an individual was computed by random selection of a water source within the state in which the individual resides, using the relative sizes of the population served by the source as probabilities. For those states for which no values were available in the NAOS database (listed first), values from surrogate states were used (following the arrows): CT→MA, DC→VA, NH→MA, NV→UT, RI→MA, VT→MA, and WV→VA. Finished water arsenic concentration values of zero (non-detected values) were assigned values of one half the limit of detection.
Drinking water ingestion rates were taken from a lognormal distribution of tap water intake for adults 20 to 64 years of age (Roseberry and Burmaster 1992) . The investigators fit the distribution to data collected in the USDA 1977 to 1978 National Food Consumption Survey (NFCS) (Ershow and Cantor 1989) . The distribution has a geometric mean of 1.122 L/day and a geometric standard deviation of 1.63.
Sensitivity Analysis
In order to rank the four sources of exposure to inorganic arsenic on the basis of their contribution to variance in the total inorganic arsenic exposure, global sensitivity analysis was performed separately for U.S. male and female adults. In a global sensitivity analysis, the effect of a change in an input variable is quantified over the entire range of values. Two simulations per source of exposure were run for each gender: For each gender and source of exposure, the intake from that source was first reduced by 50% and then increased by 50%. Each variable, increased or decreased by 50%, was then used to simulate the exposure of 100,000 individuals in the same manner as in the original estimation.
RESULTS
The probability density functions for the total inorganic arsenic intake from air, food, soil, and water are shown in Figure 2 for males and females in the U.S. adult population. The probability density functions for males and females are similar in shape, but neither is normally distributed. Instead, both distributions are highly skewed to lower intake values. The mean and standard deviation values for males are 6.3 ± 10.6 and for females are 5.2 ± 9.3. The values for various percentiles are listed in Table 2 .
The mean relative contributions of the four sources of inorganic arsenic to the total daily inorganic arsenic intake for adult females and males in the U.S. are shown in Figure 3 . Food and drinking water are the dominant factors in inorganic arsenic intake for both of these subpopulations. The contribution from food is somewhat greater than that of drinking water for males and females. Intakes of inorganic arsenic from soil ingestion and inhalation of airborne particles contribute minimally to inorganic arsenic exposure for the majority of adults in the U.S.
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12/13/02, 3:12 PM Table 3 shows the results of sensitivity analyses of the four inorganic arsenic intake sources for male and female adults in the conterminous U.S. The model was most sensitive to the mean for food. The 50% decrease or increase in the food inorganic arsenic contribution caused a 28% and 27% change in the U.S. mean exposure for males and females respectively. The model is next most sensitive to the contribution of inorganic arsenic content of drinking water. The decrease or increase of 50% in the drinking water mean inorganic arsenic value resulted in a 21% and 23% change in the national mean exposure for men and women respectively. As expected, the model was least sensitive to small changes in ingestion of arsenic in soil or inhalation of airborne arsenic. A 50% change in the value of the airborne arsenic or soil resulted in a change in the national mean exposure of < 1% for males and females.
The mean national and regional amounts of inorganic arsenic by source are listed for females in Table 4 and for males in Table 5 . Among regions, the difference in mean amounts of inorganic arsenic exposure is greatest for drinking water. The inorganic arsenic exposure from drinking water is highest in the West and lowest in the South. Because we assumed that arsenic content of foods is constant across the U.S., regional variations in foodborne arsenic intake reflect differences in food preference rather than differences in regional arsenic content of foods.
DISCUSSION
Because health risks from arsenic vary with the exposure, characterization of the exposure is a critical step in risk assessment. For example, any potential health risk from arsenic exposure is overestimated when total arsenic (organic arsenic plus inorganic arsenic) rather than inorganic arsenic is used to evaluate exposure. Inorganic arsenic is more biologically representative of the ultimate toxic form of arsenic than is total arsenic. Dietary exposure to inorganic arsenic is much less than to total arsenic. This Monte Carlo analysis was designed to simulate the inorganic arsenic exposure from inhaled air and ingested food, soil, and water for the U.S. adult population. The approach we used lends itself nicely to being run on multiple workstations should computational intensity become a problem. The USEPA has recognized the advantage of Monte Carlo analysis over deterministic models for estimating variability of exposure. The EPA has issued a revised draft guidance for submission of probabilistic exposure assessments to the Office of Pesticide Programs for assessments of dietary exposures and exposures from multiple sources and pathways [Federal Register of November 5, 1998 (63 FR 59781) ].
Data Inputs
Population weighting was employed in the present study in the selection of demographic data from the Census data and in the selection of body weights. Weighting factors are used in surveys of dietary intake to adjust the results of the surveys so that they more accurately reflect the proportions of the subgroups in the population. The weighting factors used for the CSFII were those developed by USDA, and weighting factors used for the NFCS were from the USDA and the National Cancer Institute.
The use of arsenic content of TSP rather than of PM 2.5 or PM 10 (neither of which is available on a national scale) overestimates arsenic exposure from breathing ambient air. We assumed in the model that inorganic arsenic exposure via inhalation is determined by the fraction of the inhaled airborne particles that deposits in the alveolar region of the lung. We used a point estimate for deposition of airborne particles in the alveolar region of the lung because no data are available that describe a distribution for humans. Point estimates adjusted for body weight were used for male and female daily respiratory volumes based on working adults. The point estimates of long-term daily respiratory volumes for working adults are 46% higher for women and 28% higher for men than those estimated for the general population 19 to 65+ years old (USEPA 1997) . USEPA (1997) provides no upper percentile estimate.
A limitation of the methodology of the food consumption surveys used in this study is that three survey days of dietary intake are insufficient to ascertain typical intake (Anderson 1986 ). This limitation probably does not have a major impact on the mean daily intakes but decreases confidence in the high and low intakes. The commodity-based analysis of inorganic arsenic in foods (Schoof et al. 1999a, b) provides the best available data on inorganic arsenic concentrations in food. Nevertheless, data on food inorganic arsenic levels remain limited.
The estimation of inorganic arsenic exposure from soil ingestion could be improved if a probability density function of soil ingestion by adults were available. The incorporation of such a distribution would provide information for the upper and lower ends of the overall distribution of inorganic arsenic exposure. Stanek et al. (1997) reported median, 75 th , and 95 th percentile soil ingestion estimates of 1, 49, and 331 mg/day with an average ingestion of 10 mg/day. These estimates are based on 7-day surveys, however, and do not represent long-term daily averages for the population. In a more recent paper, these researchers report that short-duration studies may positively bias soil ingestion estimates for children by over 100% (Stanek et al. 2001) . Because a reliable distribution is not available for adult soil ingestion, a point estimate of 10 mg/day was used in the Monte Carlo analysis.
Generally, groundwater contains higher concentrations of arsenic than does surface water. This trend was evident in the NAOS results: 2% of the finished surface water sources had arsenic concentrations > 5 µg/L, and 16% of the finished groundwater sources had arsenic concentrations > 5 µg/L. By using water arsenic concentrations only from groundwater in the Monte Carlo model (rather than including those from surface water as well), the exposure of the U.S. population to inorganic arsenic from drinking water would be expected to be overestimated.
Tap water consumption rates used in the Monte Carlo model may also be biased high. The underlying study, which forms the basis for USEPA's default water ingestion rates (USEPA 1997), was conducted more than 20 years ago. Consequently, the distribution of tap water ingestion rates used in the model does not reflect expected reductions in tap water ingestion because of increases in consumption of soft drinks and bottled water. A recently conducted analysis based on a 1994 to 1996 food consumption survey suggests as much as a 30% drop in mean tap water consumption during the last two decades (USEPA 2000) . Additionally, the tap water intake data reported by Ershow and Cantor (1989) were collected for only a 3-day period and, therefore, the extrapolation to chronic intake is uncertain particularly for the upper percentiles (USEPA 1997).
Comparison of Results of Model with Those in the Literature
Monte Carlo analysis of the daily inorganic arsenic exposure of adults in the conterminous U.S. from air, food, soil, and drinking water indicates that food and drinking water are the major contributors. Contributions from ingested soil and inhaled particles are negligible. Even near point sources of inorganic arsenic in Tacoma, Washington, (Polissar et al. 1990 ) and various sites in Canada (Hughes and Meek 1994) , food and drinking water clearly are the major sources of arsenic exposure for adults. We will attempt to place the results of our estimate in relation to other arsenic exposure estimates. The major difference between this and previ-
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12/13/02, 3:12 PMous estimates of the arsenic exposure of the U.S. population is the new data on the inorganic arsenic content of food (Schoof et al. 1999a, b) and drinking water (Frey and Edwards 1997) . These data were not available to previous investigators. Air and soil exposures affect the overall inorganic arsenic exposure only slightly. The largest difference between this study and others that estimated arsenic exposure of the U.S. population from food is the use of the inorganic arsenic content of foods rather than total arsenic content to estimate exposure. Depending on the diet, inorganic arsenic can be only a fraction of the total arsenic content. The Monte Carlo method allowed us to estimate the exposures at probabilities that are difficult to measure directly in the population. At the present time, this estimate of inorganic arsenic exposure for the U.S. population is likely to be the most representative.
U.S. Total Inorganic Arsenic Exposure
Valberg et al. (1997) estimated that the average daily absorbed inorganic arsenic from air, food, soil, and water by adults in the U.S. is 16 to 19 µg. This range is 2 to 3 times higher than the mean daily inorganic arsenic exposure values estimated for U.S. men and women by the Monte Carlo method (Tables 4 and 5 ). Nevertheless, while the total exposure estimates vary, the contributions of diet to the total exposure are comparable. The average uptake of 11-14 µg dietary inorganic arsenic reported by Valberg et al. (1997) assumed 100% absorption of intake. The intake data were taken from Borum and Abernathy (1994), who based their calculations on data from the Food and Drug Administration (FDA) Total Diet Studies conducted in 1982 to 1988 and 1988 to 1990 along with inorganic arsenic data from Table E-1 in an EPA report (USEPA 1988) . The inorganic arsenic data cited in Table  E -1 in the EPA report were collected in a preliminary study conducted by the Ontario Ministry of the Environment (OME). Only 15 individual foods were analyzed. The contents of Table E-1 do not match the original OME data and contain major inaccuracies .
Borum and Abernathy (1994) suggest that inorganic arsenic in food composes approximately 20% of the total dietary exposure to arsenic (inorganic and organic combined). This estimate may be high if muscle meats and eggs are abundant in the diet. Based on data from the recent analyses of arsenic foods by Schoof et al. (1999a) , inorganic arsenic in meat, poultry, fish, and eggs represents only a small fraction of the total arsenic present. Grains, sugars, fat, and oil contain approximately one quarter of their total arsenic as inorganic arsenic. Fruits and vegetables contain approximately half of their total arsenic as inorganic arsenic.
Drinking water was estimated by Valberg et al. (1997) to be the next greatest contributor after food to inorganic arsenic uptake by providing 4.5 µg per day. This amount is higher than that estimated by the Monte Carlo model. The authors gave no information on the derivation of the value.
Prior to the NAOS, data for estimating average exposure to inorganic arsenic in U.S. drinking water were limited, not only because of the restricted number of drinking water supplies that had been analyzed, but also because of the high detection limits of the analyses. Borum and Abernathy (1994) estimated that most individuals in the U.S. using public water supplies are exposed to drinking water inorganic arsenic concentrations of less than 10 µg/L and, more commonly, of 2 to National Inorganic Arsenic Intake 3 µg/L. Using the range of inorganic arsenic concentrations of 2 to 3 µg/L in combination with the mean of the distribution of tap water intake for adults used in the Monte Carlo model (1.1 L/day), the daily average inorganic arsenic intake from drinking water would be in the range of 2.2 to 3.3 µg. The mean values estimated for drinking water inorganic arsenic intake by the model (Tables 4 and  5 ) fall within this range. An adult exposed to 11 µg inorganic arsenic by consuming 1.1 L/day of drinking water containing 10 µg/L inorganic arsenic would be above the 95 th percentile in the national distribution of inorganic arsenic exposure from drinking water determined using the Monte Carlo model. Estimation by the model of inorganic arsenic exposure from ingested soil was based on 10 mg of soil ingested per day rather than the 100 mg value used by Valberg et al. (1997) , a value used by EPA to represent upper bound soil ingestion estimates for adults. The 7.2 ppm point estimate of soil arsenic concentration used by Valberg et al. (1997) is the same as the mean of the distribution of soil values used in the model. Despite the use of different soil ingestion rates, the relative contributions of soil to total inorganic arsenic exposure are comparable in this study and the study by Valberg et al. (1997) because the relative contribution from soil is small. Valberg et al. (1997) estimated that less than 1% of the average daily inorganic arsenic absorbed by adults in the U.S. is contributed by air (0.05 µg) or by soil (0.14 µg). These latter amounts are similar to the mean inorganic arsenic intakes predicted using the probabilistic model. Borum and Abernathy (1994) derived a slightly higher estimate of air exposure to arsenic: daily ambient air exposure to inorganic arsenic in the U.S. was estimated to be 0.5 to 0.6 µg, or about 2% of total daily inorganic arsenic exposure, using airborne arsenic levels from the AIRS database for eight states for the years 1980-1991. Unlike this earlier estimation, our model computed the fraction of inhaled particles deposited in the alveoli. Borum and Abernathy (1994) made no quantitative estimate of inorganic arsenic intake from soil but stated that soil intake is likely to be a minor pathway of exposure to arsenic. In sum, the estimates from our probabilistic model are more refined than, but generally consistent with, a number of prior efforts to characterize inorganic arsenic exposure via different pathways.
U.S. Dietary Total Arsenic Exposure
A few studies have estimated the intake for U.S. adults of total arsenic from food. The FDA Total Diet Study 1986 to 1991 determined the mean daily intake of total arsenic from food for 70 kg adults 25 to 30 years of age to be 30.8 µg for females and 35.7 µg for males (Gunderson 1995) . Seafood contributed 88% of the average daily total arsenic intake of 38.6 µg for males 25 to 30 years of age. Based on the arsenic analyses of foods by Schoof et al. (1999a,b) , the inorganic arsenic content of seafood is negligible. Therefore, more than 88% of the average total arsenic intake for this population is expected to be organic arsenic because, as was discussed previously, other foods also contain organic arsenic. Even so, applying a 12% estimate of inorganic arsenic intake would yield 3.7 µg and 4.3 µg for the 25-to 30-year-old, 70 kg females and males, respectively. These amounts are only somewhat lower that those estimated for U.S. adults by the Monte Carlo method.
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Dietary exposure to total arsenic was estimated for U.S. adults by MacIntosh et al. (1997) by combining data collected from health professionals using a food frequency questionnaire with arsenic concentration data from the 1986 to 1991 FDA Total Diet Study. Based on 1990 responses to the diet questionnaire, the mean daily dietary exposure to total arsenic was 50.6 µg for females and 58.5 µg for males. These values are higher than those determined by Gunderson (1995) . Because the subjects were female registered nurses and male health professionals, the results of the study may not be representative of the general U.S. adult population. Fish contributed 92% of the total arsenic for individuals in the upper end of the distribution. At the 10 th percentile, canned tuna (28%), chicken (11%), and white rice (10%) were estimated to be the main contributors of total arsenic in the diet.
Uncertainties
Confidence in the overall model estimate depends on the uncertainties that surround the databases and intake rate estimates used for each source examined. For each database used, great care was taken to validate the data and to reduce keying errors and computational errors. For intake rate estimates, a common source of uncertainty was the short-term nature of the underlying studies. Mean estimates from these studies are considered to be quite reliable; however, upper percentile estimates are likely to overstate upper percentiles for chronic exposures due to the greater variability inherent in short-term studies (USEPA 1997). Other specific sources of uncertainty for each exposure medium are evaluated below.
The AIRS database for TSP arsenic used to evaluate exposures to arsenic in air has good geographic coverage for the U.S. More recent data measuring the PM 10 and PM 2.5 arsenic avoid the necessity of correcting for the fraction of TSP likely to be inhaled into the lung and deposited, but too few records have been reported for the PM 10 and PM 2.5 data to be of use at the present time. Future estimates using PM 10 and PM 2.5 data will improve the reliability of the air exposure. Nevertheless, confidence in the distribution of arsenic concentrations in air is high due to the size and quality of the TSP database. Confidence in the point estimate of the fraction of inhaled particles of 1 µm MMAD deposited in the alveolar region of the lung using the theoretically based, semiempirical ICRP66 human lung deposition model is high because the model is supported by experimental measurements; however, no data are available that describe a distribution of fractional particle deposition. Confidence in the underlying inhalation rate data used to support point estimates of inhalation rates are considered by USEPA (1997) to be medium to high; however, databases are not large enough to support an estimate of a distribution of inhalation rates. Due to the very small contribution of inhaled arsenic to background arsenic intake, the uncertainties in these parameters have virtually no effect on the overall model predictions.
The soil concentration data are extensive and have been subject to quality assurance and quality control by the USGS. These data exclude sites with significant anthropomorphic contamination. Therefore, the soil concentration database is considered to be highly reliable. Substantial uncertainty exists in the average soil ingestion estimate because of the sparse empirical data available on adult soil ingestion, and no reliable estimate of a distribution of soil ingestion rates was available. Because of the small contribution of soil to background arsenic intake, uncertainties in the mean ingestion rate are unlikely to affect the overall model outcome. The use of a point estimate instead of a distribution of soil ingestion rates could potentially lead to an underestimate of the 95 th percentile background arsenic intake by as much as 1 µg/day (i.e., less than 10%) if the 95 th percentile soil ingestion rate is as high as 165 mg/day.
As noted above, many new data have been assembled for this study on the arsenic content of foods by chemical species. The recognition of the inadequacies of total arsenic estimates for arsenic exposures stems from the growing knowledge of the metabolism and the toxic potency of each species. The quality of the base data for mean dietary intakes in the CSFII is good. A limitation for estimating variations in inorganic arsenic intake across the U.S. is that individual food records from the CSFII are aggregated into only four regions of the U.S. Confidence in the U.S. inorganic arsenic exposure estimate for food is reasonably good given that speciated arsenic data are limited. Confidence is enhanced by the general consistency of estimates across other studies and populations.
The NAOS served as the source of the drinking water data. These values are point estimates from a limited set of water supplies. The stratification of the sampling was not undertaken with a view to estimating the individual intake but as an estimate of added costs to reduce drinking water arsenic to hypothetical MCLs. By selecting only groundwater data, we may have overestimated the contribution of water to background arsenic exposures since arsenic concentrations generally are higher in groundwater than in surface water supplies. At the time of the analysis, the NAOS data were the best available. We rank our confidence in the drinking water contribution to be reasonably good for populations that depend on groundwater supplies.
Regarding water consumption rates, the USEPA (1997) lowered their confidence score of the study of Ershow and Cantor (1989) from high to medium because the excellent data are not current. Therefore, consumption of tap water may have decreased because of increased consumption of bottled water and beverages (USEPA 1997) . Despite possibly being biased high by as much as 30%, the mean water ingestion rate is considered to be quite reliable.
Because intakes of arsenic are highest from food and drinking water, uncertainties in the distributions of data for these sources will have the greatest effects on the overall confidence in the predictions. The uncertainties in the food and water contributions are such that confidence in the exposures considerably above or below the mean (i.e., at 10 th and 90 th percentiles) is poor. However, our confidence in the mean values is high. Confidence in the predictions of arsenic intake by inhalation of airborne particles is high but is low for arsenic intake by soil ingestion. Nevertheless, uncertainties in the estimates of inorganic arsenic exposure by inhalation of airborne particles and ingestion of soil have minor impact on the model estimates.
Implications
The model predictions point to a need for better studies of the distributions of exposure to inorganic arsenic from various sources in the U.S. Because air and soil are insignificant contributors to the total inorganic arsenic exposure, expenditure 200557 .pgs 12/13/02, 3:13 PMof additional effort to quantify these exposures is unlikely to improve the overall estimate. Clearly, experiments designed to measure the inorganic arsenic content of more foods, as well as more samples of each food, will be of value. Increasing the number of samples of drinking water analyzed for inorganic arsenic across the U.S. will improve the confidence in the drinking water contribution of inorganic arsenic. This study has evaluated inorganic arsenic intakes from food, water, soil, and air. Nevertheless, the bioavailability of a chemical (i.e., the fraction of a chemical that reaches the systemic circulation) is a critical factor in determining its potential toxicity. Because the fraction of inorganic arsenic absorbed from different environmental media varies, the relative contributions of the four media to total absorbed dose of inorganic arsenic are likely to differ from those predicted for total intake. Soluble forms of inorganic arsenic present in drinking water are well absorbed (i.e., 80 to 90%) (NRC 1999) . Arsenic absorption is expected to be reduced from soil and food when compared to arsenic absorption from water. This factor could reduce the already small contribution of background soil to arsenic exposures by 50% or more (NEPI 2000) . The relative bioavailability of arsenic in food vs. drinking water is unknown.
CONCLUSION
The distribution of arsenic among the sources examined leads to the conclusion that the background exposure received from inhalation of arsenic-containing particles or the ingestion of arsenic in soil is inconsequential. The NAOS study (Frey and Edwards 1997) found that most drinking water supplies are already at arsenic levels of 2 to 3 µg/ L, which results in an exposure of 2.2 to 3.3 µg/day assuming a daily intake of 1.1 L tap water. We estimate that food and drinking water are the major contributors to inorganic arsenic exposure, with food contributing slightly more than water.
